Two secreted signaling molecules, Xwnt-8 and BMP-4, play an essential role in the dorso-ventral patterning of the mesoderm in Xenopus.
Introduction
The mesoderm forms in the marginal zone of the early Xenopus laevis embryo. This requires induction processes involving the activities of growth factors of the FGF and TGF-b class (Amaya et al., 1991; Hemmati-Brivanlou and Melton, 1992) . The mesoderm subsequently undergoes dorso-ventral patterning which is initiated by events taking place as a result of the cortical rotation. The rotation of the egg's cortex within the ®rst hour after fertilization de®nes the dorsal side of the embryo and is essential for the formation of Spemann's organizer (reviewed in Moon and Kimelman, 1998 ). The zygotic activities of genes expressed in the organizer result in a dorsalization of the mesodermal tissue during gastrulation (Harland and Gerhart, 1997) . For a long time it was thought that the speci®cation of the dorsal mesoderm is an active patterning process, whereas the ventral mesoderm develops in the absence of instructive dorsal patterning signals (Dale and Slack, 1987) . In recent years experimental evidence has mounted which shows that the ventral mesoderm is the source of actively ventralizing signals that are able to antagonize the dorsalizing signals produced by Spemann's organizer.
Two secreted peptide growth factors that are expressed in the ventral marginal zone are thought to play a central role in patterning the ventral mesoderm. One of these factors, BMP-4, is a member of the TGF-b family; the other, Xwnt-8, belongs to the Wnt family. BMP-4 transcripts are present at low levels and widespread in the egg but the major increase in its zygotic expression takes place close to the onset of gastrulation. Zygotic BMP-4 transcripts accumulate ®rst at the animal pole (stage 10; Nieuwkoop and Faber, 1967) and later (stage 10.5) along the ventral and lateral regions of the marginal zone (Fainsod et al., 1994) . Several lines of evidence suggest that BMP-4 is an active ventral signal. Overexpression of BMP-4 ventralizes Xenopus embryos and is able to rescue the dorsalizing effect of LiCl (Dale et al., 1992; Jones et al., 1992; Fainsod et al., 1994; Schmidt et al., 1995) . This overexpression causes an increase in the expression of ventral markers and the downregulation of genes expressed dorsally. Partial loss of BMP-4 function using antisense RNA produces the opposite effect including rescue of UV-ventralized embryos and the upregulation of dorsal-speci®c genes (Steinbeisser et al., 1995) .
Xenopus wnt-8 (Xwnt-8) is expressed zygotically in the ventral and lateral marginal zone of the gastrulating embryo and is excluded from the organizer (Christian et al., 1991) .
As gastrulation progresses, expression of Xwnt-8 is repressed in the ventral marginal zone until only the lateral expression is retained (Fainsod et al., 1994) . Ectopic expression of Xwnt-8 after the mid blastula transition (MBT) in the dorsal marginal zone, changes the fate of the dorsal cells to more lateral types of mesoderm (Christian and Moon, 1993) . Blocking of Xwnt-8 signaling by a dominant negative Xwnt-8 construct inhibits the transcription of genes expressed in the ventro-lateral marginal zone and corroborates the idea that Xwnt-8 is involved in the speci®cation of the ventral and the somitic mesoderm (Hoppler et al., 1996) .
BMP-4 and Xwnt-8 activities are eliminated from the organizer and restricted to the ventro-lateral mesoderm by secreted antagonistic factors such as chordin, noggin, follistatin and frzb (Piccolo et al., 1996; Zimmerman et al., 1996; Fainsod et al., 1997; Leyns et al., 1997; Wang et al., 1997; Iemura et al., 1998) . The presence of sizzled, a secreted inhibitor of Xwnt-8, in the ventral marginal zone has recently been demonstrated, and implies that BMP-4 and Xwnt-8 have some non-redundant functions in the ventrolateral mesoderm (Salic et al., 1997) Dorso-ventral axis speci®cation may involve similar signals in Drosophila but with inverted polarity (De Robertis and . The vertebrate BMP-4 gene is closely related to the Drosophila gene, decapentaplegic (dpp) (Padgett et al., 1987) . dpp is expressed in the dorsal ectoderm of Drosophila and mutation of the dpp gene leads to ventralization of the embryo (Irish and Gelbart, 1987) . dpp is thought to function as a morphogen in dorso-ventral axis formation of the Drosophila embryo and in the formation of different adult structures where different cell types respond to different concentrations of dpp (Ferguson and Anderson, 1992; Wharton et al., 1993; Lecuit et al., 1996; Nellen et al., 1996) .
Xenopus wnt-8 is related to the Drosophila gene, wingless (wg) (reviewed in Nusse and Varmus, 1992) . wg, a secreted protein, is able to act as a gradient to organize the pattern of cells located at a distance from the secreting cells during embryogenesis and during development of adult tissues (Johnston and Schubiger, 1996; Zecca et al., 1996) .
Several studies showed that dpp and wg interact during Drosophila embryogenesis to promote outgrowth in the center of the leg imaginal disk and to de®ne the dorsoventral axis in the leg, wing and antennal imaginal discs (Campbell et al., 1993; Brook et al., 1996; Jiang and Struhl, 1996; Johnston and Schubiger, 1996; Morimura et al., 1996; Maves and Schubiger, 1998) .
The conservation between the Drosophila and Xenopus genes, BMP-4/dpp and Xwnt-8/wg, raises the possibility that as in Drosophila, BMP-4 and Xwnt-8 act together in a graded manner to specify different mesoderm identities along the dorso-ventral axis of the Xenopus embryo.
In this study we present evidence that the BMP-4 and Xwnt-8 pathways are functionally connected in Xenopus. We show that BMP-4 regulates Xwnt-8 transcription in a double threshold manner and that this regulation plays a role in the establishment of the early and late patterns of Xwnt-8 expression. BMP-4 is required and induces ventral transcription of the Xwnt-8 antagonist sizzled. We demonstrate that Xwnt-8 regulates the transcription of the early muscle marker myf-5 in a threshold-dependent manner, but independent of BMP-4. These data suggest that BMP-4 and Xwnt-8 activities in the marginal zone have to be regulated temporally and spatially in order to achieve the full spectrum of ventro-lateral mesoderm tissue types.
Results

A double threshold of BMP-4 regulates the expression of Xwnt-8
The expression domains of BMP-4 and Xwnt-8 overlap in the ventrolateral marginal zone during early gastrulation and it has been shown that overexpression of BMP-4 results in upregulation of Xwnt-8 transcription (Hoppler and Moon, 1998) . In contrast to this, Schmidt et al. (1995) have shown that BMP-4 can inhibit Xwnt-8 expression. To clarify this contradiction we analyzed the effect of increasing amounts of BMP-4 on the transcription of Xwnt-8. The assay system we used was the LiCl treated embryo in which the ventral mesoderm is suppressed and the zygotic expression of Xwnt-8 and BMP-4 along the marginal zone is abolished. All blastomeres of 4-cell embryos were injected with in vitro synthesized BMP-4 mRNA (0.1, 0.5 and 1 ng) and the embryos were treated at the 64-cell stage with LiCl. At the gastrula stage (stage 10.5-11), expression of Xwnt-8 was analyzed by reverse transcriptase-polymerase chain reaction (RT-PCR) and the phenotype of sibling embryos from the same sample was scored at tadpole stages (stage 34/35).
Exposure to LiCl abolished Xwnt-8 expression and suppressed formation of trunk and tail (Fig. 1A,C) . Injection of 0.1 ng of BMP-4 RNA rescued Xwnt-8 expression and the teratogenic effect of LiCl (Fig. 1A,D ). An intermediate amount of BMP-4 (0.5 ng) strongly stimulated Xwnt-8 expression (Fig. 1A) and reverted dorsalized LiCl embryos into ventralized ones lacking heads and dorsal mesoderm (Fig. 1E) . High amounts of BMP-4 (1 ng) resulted in a lower level of Xwnt-8 transcription compared to the embryos that had received half this amount (Fig. 1A ) and the ventralized phenotype was enhanced further (Fig. 1F ). This experiment demonstrates that BMP-4 is able to stimulate Xwnt-8 expression in a dose-dependent manner, and higher doses result in lower Xwnt-8 activation than intermediate doses. This observation raises the possibility that high BMP-4 amounts might repress the expression of Xwnt-8. To test this possibility embryos were injected dorsally with increasing amounts of BMP-4 mRNA. At stage 10.5, large dorsal marginal zones were cut encompassing part of the dorsolateral region, and Xwnt-8 expression was studied by RT-PCR ( Fig. 2A) . Control marginal zones exhibit Xwnt-8 expres-sion from the lateral region (Fig. 2B ). This Xwnt-8 expression is repressed by increasing amounts of BMP-4 (Fig. 2B ). Low amounts of BMP-4 (0.2 ng) which ventralize embryos weakly (Fig. 2D) , increase the level of Xwnt-8 expression.
Further increase in the amount of BMP-4, ventralized the embryos strongly (Fig. 2E ) and repressed the expression of Xwnt-8 (Fig. 2B) . These results support the observation that high amounts of BMP-4 repress the expression of Xwnt-8 also in normal embryos and suggest a regulatory mechanism for Xwnt-8 expression which involves threshold responses to BMP-4 levels.
In order to corroborate and visualize the threshold effect of BMP-4 on Xwnt-8 transcription, we injected various concentrations of BMP-4 RNA (120, 240 and 400 pg/ embryo) together with b-galactosidase RNA as a lineage tracer into 4-cell embryos diagonally. After LiCl treatment at the 64-cell stage, the expression of Xwnt-8 was analyzed by whole mount in situ hybridization and the site of injection was determined by b -galactosidase staining. Embryos injected with b-galactosidase RNA alone or in combination with low levels of BMP-4 RNA (120 pg), and subsequently treated with LiCl, showed no detectable Xwnt-8 expression, indicating that the LiCl treatment was effective and that neither b -galactosidase RNA nor low levels of BMP-4 were able to induce Xwnt-8 transcription (Fig. 3A,B) . When higher amounts of BMP-4 RNA (240 pg) were injected, Xwnt-8 expression was induced at the site of injection (Fig. 3C ). Embryos that received 400 pg of BMP-4 RNA expressed Xwnt-8 not at the injection site, but Xwnt-8 transcription was strongly stimulated in adjacent cells (Fig. 3D ). This result supports the observation that BMP-4 regulates Xwnt-8 in a concentration-dependent manner resulting in a double threshold that de®nes three different Xwnt-8 expression responses: low levels of BMP-4 expression producing no Xwnt-8 response, medium levels increasing Xwnt-8 expression and high levels of BMP-4 inhibiting Xwnt-8 expression. The modulation of Xwnt-8 expression by BMP-4 de®nes the relative levels of BMP-4 and Xwnt-8 activities in the developing mesoderm which are subsequently re¯ected in the phenotypes of the resulting embryos.
Gene expression in the ventro-lateral mesoderm is regulated by different levels of BMP-4 and Xwnt-8 activities
Changes in BMP-4 and Xwnt-8 activities by overexpression of the wild type proteins or the expression of dominant negative versions lead to distinct embryonic phenotypes. We therefore investigated whether the effect of different levels of BMP-4 and Xwnt-8 activities is re¯ected in the modulation of early ventro-lateral marker gene expression. This was accomplished experimentally via the inhibition of BMP signaling in combination with stimulation of the Xwnt-8 pathway or by inhibiting Xwnt8 signaling and simultaneously increasing BMP-4 activity. The transcripts we analyzed by RT-PCR at stage 10.5 were myf-5, a marker for the lateral, somitic mesoderm (Hopwood et al., 1991) , Xvent-1 a homeobox gene expressed in the ventro-lateral marginal zone (Gawantka et al., 1995) and sizzled, a secreted wnt antagonist expressed in the ventral marginal zone (Salic et al., 1997) . Expression of myf-5 was stimulated in embryos injected with 250 pg of the expression plasmid CMVXwnt-8 alone or in combination with 750 pg RNA coding for the dominant negative BMP receptor (tBR) or tBR alone (Fig. 4) . Injection of 150 pg CSKABMP-4 plasmid or a mixture of CSKAdnXwnt-8 DNA (250 pg), coding for a dominant negative Wnt-8 protein and CSKABMP-4 DNA (150 pg) or CSKAdnXwnt-8 DNA (250 pg) reduced myf-5 transcription (Fig. 4) . The ventral marker sizzled displayed a different mode of regulation. Sizzled expression was not enhanced by Xwnt-8 overexpression but was strongly stimulated by BMP-4, even in embryos in which Xwnt-8 signaling was inhibited (Fig. 4) . Perturbation of the BMP-4 signaling pathway, however, decreased the expression of sizzled dramatically. A third mode of regulation was seen in the case of Xvent-1, which can be stimulated by Xwnt-8 and BMP-4. The presence of dnXwnt-8 had no in¯u-ence on the stimulation of Xvent-1 transcription by BMP-4. Inhibition of the BMP signaling pathway, however, slightly reduced the ability of Xwnt-8 to stimulate Xvent-1 expression (Fig. 4) . In this experiment we used an amount of tBR that could not completely block BMP-signaling. When higher amounts of tBR were injected Xvent-1 expression was abolished in the marginal zone (Hoppler and Moon, 1998 ; data not shown).
From these results we can conclude that genes expressed laterally such as myf-5 are positively regulated by Xwnt-8 and negatively by BMP-4. The wnt antagonist sizzled, expressed in the ventral-most part of the marginal zone, is dependent on BMP signaling, independent of Xwnt-8 signaling and therefore may play a role in the ventral downregulation of the Wnt signaling pathway. Xvent-1, which shows overlapping expression domains with both sizzled and myf-5, requires at least low levels of BMP signaling but is also positively regulated by Xwnt-8. This experiment shows that the spatially restricted transcription of genes in the prospective mesoderm depends on de®ned relative levels of BMP-4 and Xwnt-8 activities.
High BMP-4 levels generate the domain of sizzled expression
Sizzled is a secreted protein expressed in the ventral marginal zone of the gastrulating Xenopus embryo that acts as an antagonist of Xwnt-8. (Salic et al., 1997) . The overlap between BMP-4 and sizzled expression domains in the ventral marginal zone and the ability of BMP-4 to upregulate sizzled expression (Fig. 3 ) led us to ask whether the expression domain of sizzled is determined by high levels of BMP-4. We injected different amounts (0.8 or 1.6 ng) of BMP-4 mRNA radially into 4-cell stage embryos and analyzed its effect on sizzled expression at gastrulation by whole mount in situ hybridization (Fig. 5) . Increasing amounts of BMP-4 led, as expected, to upregulation of sizzled transcription, expanding its domain of expression to more dorsal regions (Fig.  5A,C,D) , the more BMP-4 RNA injected, further dorsal the expansion of sizzled expression. Inhibition of BMP-4 signaling by radially injecting tBR mRNA eliminated sizzled expression (Fig. 5B) . These results suggest that sizzled is a downstream target of BMP-4 and suggest a possible role of sizzled in mediating the inhibitory effect of high concentrations of BMP-4 on Xwnt-8 expression in the ventral-most part of the marginal zone. Because the sizzled protein interacts directly with Xwnt-8, the inhibition of Xwnt-8 transcription could be accomplished by blocking an autoregulatory loop in which Xwnt-8 stimulates its own transcription. Another possibility is that it is important to eliminate the Xwnt-8 activity in the ventral marginal zone at both the transcriptional and protein levels.
A double threshold in Xwnt-8 concentration speci®es patterning of the lateral marginal zone in LiCl treated embryos
The expression of myf-5, an early marker for somitic Embryos were injected with Xwnt-8, BMP-4, dominant negative Xwnt-8 and dominant negative BMP receptor RNAs singly or in combination to achieve BMP-4 overexpression when Xwnt-8 signaling was blocked or Xwnt-8 overexpression when BMP signaling was blocked. Under these conditions the effect on myf-5, Xvent-1 and sizzled expression was determined by RT-PCR. The histone H4 gene served as a loading control. mesoderm can be modulated by BMP-4. Increasing concentrations of BMP-4 expand myf-5 expression dorsally, and high concentrations of BMP-4 inhibit myf-5 expression (Dosch et al., 1997; Jones and Smith, 1998) . On the other hand, Xwnt-8 is able to stimulate expression of myf-5 (Fig.  4) . We therefore asked whether the regulation of myf-5 by BMP-4 is direct or mediated through Xwnt-8. To test this, BMP-4 mRNA was diagonally injected together with bgalactosidase RNA as a lineage tracer into Xenopus embryos which were subsequently treated with LiCl. At the late gastrula stage, myf-5 expression was assayed by whole mount in situ hybridization (Fig. 6) . In untreated control embryos myf-5 staining was visible in the lateral marginal zone (Fig. 6A ). Embryos treated with LiCl and injected with b -galactosidase RNA exhibited no myf-5 expression (Fig. 6B) . Overexpression of high levels of BMP-4 in LiCl treated embryos induced myf-5 transcription around but not at the site of injection (Fig. 6C ). This response of myf-5 to high BMP-4 levels is reminiscent of the response of Xwnt-8 under similar conditions. When similar concentrations of BMP-4 mRNA were injected into embryos in which the Xwnt-8 signaling was blocked by the dnXwnt-8 ligand, no stimulation of myf-5 transcription was observed (Fig. 6G) . The activity of the dnXwnt-8 ligand was tested by phenotypic analysis of injected embryos and resulted in a dorsalized phenotype (not shown; Hoppler et al., 1996) . This result suggests that Xwnt-8 signaling is required for the expression of myf-5, and that BMP-4 is not suf®cient to induce myf-5 and it might function through Xwnt-8 under these experimental conditions.
We then asked whether Xwnt-8 is able and suf®cient to modulate myf-5 transcription. Embryos were initially injected with 40 pg of an Xwnt-8 expression plasmid, this amount of Xwnt-8 was not suf®cient to activate myf-5 expression in LiCl dorsalized embryos and only the lineage tracer staining can be observed (Fig. 6D) . When embryos were injected with 60 pg of the Xwnt-8 expression plasmid, myf-5 was induced at the site of injection, indicated by the b-galactosidase staining (Fig. 6E ). Higher doses of Xwnt-8 DNA (160 pg) induced myf-5 transcription in the periphery of the injection site (Fig. 6F ). These observations raise the possibility that myf-5 is regulated by Xwnt-8 through a double threshold in response to amounts of Xwnt-8 protein. Fig. 6 . Regulation of myf-5 by Xwnt-8 and BMP-4 during late gastrulation. Embryos were injected with mRNAs to manipulate the Xwnt-8 and the BMP-4 signaling pathways and the effects of these manipulations on myf-5 expression were studied. All embryos were co-injected with LacZ RNA to mark the site of injection (red). Following injection, the embryos were dorsalized by LiCl treatment. Injected embryos were ®xed at stage 12 and studied by in situ hybridization (blue). The same expression pattern of myf-5 was seen when in addition to the Xwnt-8 expression plasmid, BMP-4 antisense RNA was injected to reduce BMP signaling in the embryos (Fig. 6H,I ). The antisense BMP-4 RNA was tested for its activity as a dorsalizing RNA in whole embryos (not shown; Steinbeisser et al., 1995) . From this experiment we conclude: (1) Xwnt-8 is suf®cient and required to induce myf-5 expression; (2) Xwnt-8 is able to regulate myf-5 expression in a double-threshold manner; (3) Xwnt-8 may be responsible for the localized expression of myf-5 in the lateral marginal zone during development; and (4) localized and graded BMP-4 activity in the marginal zone is needed to restrict Xwnt-8 activity to the lateral marginal zone which in turn controls the expression of myf-5.
A ventro-dorsal gradient of Bmp-4 expression de®nes the temporal dynamic pattern of Xwnt-8 expression in normal gastrulating embryos
Endogenous Xwnt-8 expression starts during the late blastula in the prospective ventro-lateral marginal zone of the Xenopus embryo. As gastrulation proceeds, Xwnt-8 is downregulated in the ventral marginal zone and occupies a more lateral position (Christian et al., 1991) . The main zygotic BMP-4 expression starts close to the onset of gastrulation in the ventro-lateral marginal zone, and its expression is increased as gastrulation proceeds (Fainsod et al., 1994) . At the end of gastrulation, high BMP-4 expression is localized to the ventral-most region of the marginal zone (slit blastopore), and Xwnt-8 becomes restricted to the lateral regions (Fainsod et al., 1994) .
The fact that Xwnt-8 responds to a threshold in BMP-4 concentrations, led us to test whether the spatially dynamic pattern of Xwnt-8 expression could be established by different concentrations of BMP-4 expression in the normal gastrulating embryo. We compared the pattern of expression of Xwnt-8 in control embryos with that of embryos microinjected ventrally at the 4-cell stage with BMP-4 mRNA (Fig. 7) . The results showed that at stage 11, microinjection of BMP-4 mRNA led to a strong reduction of the ventral Xwnt-8 signal (Fig. 7A,C) , resulting in a pattern that is normally seen in control embryos at stage 12.5 (Fig. 7B) . We next asked whether an inhibition of endogenous BMP-4 signaling expression could restore the ventral Xwnt-8 expression in stage 12.5 embryos (Fig. 7B) . Inhibition of the BMP-4 signal was accomplished by microinjecting a truncated BMP receptor (tBR), which interferes with BMP-4 signal transduction (Graff et al., 1994; Maeno et al., 1994; Suzuki et al., 1994) . Ventral injection of tBR (2 ng/embryo) restored ventral Xwnt-8 expression at stage 12.5 (Fig. 7D) , reminescent of the expression pattern seen at stage 11 (Fig. 7A) .
These results suggest that a ventro-dorsal gradient of BMP-4 activity de®nes the spatially dynamic pattern of Xwnt-8 expression in normal gastrulating embryos. First, the injection of BMP-4 RNA increases the concentration of BMP-4 in the ventral marginal zone of stage 11 embryos, mimicking the increase in BMP-4 expression between stages 11 and 12.5 of normal embryos, and shifting the pattern of Xwnt-8 expression from ventro-lateral to lateral. Second, the dominant negative BMP receptor decreases the endogenous BMP-4 level ventrally at stage 12.5. Such a low BMP-4 level resembles the situation found in stage 11 embryos in which Xwnt-8 expression can be found in the ventral marginal zone overlapping with BMP-4 expression.
Discussion
The BMP-4 and Xwnt-8 pathways are connected during gastrulation
During the last few years it has become clear that the secreted factors, BMP-4 and Xwnt-8 are important for the patterning of the lateral and ventral mesoderm in Xenopus embryos during gastrula stages. It is still unclear, however, how these two pathways interact to affect a temporally and spatially restricted expression of downstream target genes and the formation of lateral and ventral mesoderm derivatives.
There is experimental evidence suggesting that BMP-4 and Xwnt-8 do not function independently of each other. Overexpression of a dominant negative BMP receptor demonstrated that zygotic expression of Xwnt-8 requires BMP-4 signaling, which could be interpreted as Xwnt-8 being downstream of BMP-4 (Schmidt et al., 1995; Hoppler and Moon, 1998) . However, the relationship between these two genes is not linear and simple as suggested by previous results. Hoppler and Moon (1998) showed that BMP-4 overexpression can expand the Xwnt-8 expression domain, but Schmidt et al. (1995) reported reduced Xwnt-8 expression after BMP-4 injection. We were able to demonstrate that high doses of BMP-4 repress and intermediate doses induce the expression of Xwnt-8 in an assay using LiCl treated embryos which express neither Xwnt-8 nor BMP-4 in the marginal zone. These experiments do not however rule out the possibility that other factors are involved in the regulation of Xwnt-8 transcription. The transcription factor GATA2 for example, is able to induce Xwnt-8 expression (Sykes et al., 1998) . The possible involvement of additional Xwnt-8-inducing factors is further supported by the temporal patterns of expression, since zygotic BMP-4 expression in the marginal zone does not start before Xwnt-8 expression (Christian and Moon, 1993; Smith et al., 1993; Fainsod et al., 1994) . This makes it rather unlikely that zygotic BMP-4 regulates the early phase of Xwnt-8 expression. The role of the maternal BMPs in this context remains to be examined.
The temporal pattern of BMP-4 expression has led to the suggestion that its main role takes place during gastrulation as an important signal promoting ventral mesodermal identities (Fainsod et al., 1994; Jones et al., 1996) . This model for BMP-4 function in dorsal-ventral patterning during gastrulation is supported by results suggesting that the prospective mesoderm established during the late blastula is comprised mainly of two regions: organizer or dorsal and non-organizer or ventral with very limited patterning, and only during gastrulation is the mesoderm actually patterned (Harland and Gerhart, 1997; LaBonne and Whitman, 1997) . During gastrulation, Xwnt-8 comes under regulation of BMP-4, probably as part of patterning of the mesoderm. BMP-4 overexpression has been shown to lead to the speci®cation of ventral mesoderm types (Dale et al., 1992; Jones et al., 1992 Jones et al., , 1996 Schmidt et al., 1995) , while zygotic expression of Xwnt-8 can ventralize notochord to muscle (Christian and Moon, 1993; Cunliffe and Smith, 1994) . Although different patterning activities could be attributed to the two signaling pathways identi®ed by these two secreted factors, the analysis of the relationship between them has resulted in contradicting reports (Schmidt et al., 1995; Hoppler and Moon, 1998) . The results presented here suggest a mechanism by which BMP-4 and Xwnt-8 establish the non-overlapping, and exclusive regions of expression during mid-to late-gastrula stages (Fainsod et al., 1994) . These domains then lead to the differentiation of different types of mesoderm. The homology of BMP-4 to Drosophila dpp has prompted the analysis of both genes as establishing activity gradients which in turn regulate gene expression (Lecuit et al., 1996; Nellen et al., 1996; Dosch et al., 1997; Jones and Smith, 1998) . The ventral restriction of Xwnt-8 expression appears to be under the control of BMP-4. The regulation of Xwnt-8 further supports the existence of a BMP-4 activity gradient whose highest level is localized to the ventral marginal zone. In this gradient of BMP-4 activity, high levels downregulate Xwnt-8 expression and intermediate levels activate its expression. Low levels of BMP-4 activity have no effect on Xwnt-8 expression, de®ning a double threshold in the response of Xwnt-8 to BMP-4. Results suggesting the existence of a gradient of BMP-4 activity have been reported by analyzing several marker genes (Dosch et al., 1997; Jones and Smith, 1998) . It has been suggested that the ventral to dorsal BMP-4 activity gradient is formed by dorsal secretion and the diffusion of BMP antagonists (Dosch et al., 1997; Jones and Smith, 1998) . In the experiments aimed at the manipulation of BMP-4 and Xwnt-8 expression levels, the different intensities of BMP-4 and Xwnt-8 activities are also re¯ected in the de®ned phenotypes of the injected embryos. The trunk and tail of embryos dorsalized with LiCl are rescued by the overexpression of BMP-4 concomitant with a restoration of Xwnt-8 expression. A gradual increase in the amount of BMP-4 mRNA injected into LiCl-dorsalized embryos resulted in the graded ventralization of the embryos together with changes in the levels of Xwnt-8 expression: Low levels of BMP-4 resulted in almost complete rescue of the embryonic phenotype and restoration of Xwnt-8 expression to normal levels. Intermediate levels of BMP-4 strongly activated Xwnt-8 expression and the LiCl-treated embryos exhibited intermediate ventralization (DAI about 3; Kao and Elinson, 1988) . Injection of high doses of BMP-4 converted a LiCl-dorsalized embryo into a ventralized belly piece (DAI , 1) which lacks dorso-anterior structures. In these BMP-4 ventralized LiCl-treated embryos, Xwnt-8 expression is reduced compared to those injected with lower doses of BMP-4. This data further supports the suggestion that BMP-4 promotes the ventral-most mesoderm identities whereas Xwnt-8 is involved in the formation of more lateral mesoderm types. In the case of Xwnt-8, similar conclusions were reached from embryos in which Xwnt-8 signaling was inhibited by a dominant negative Xwnt-8 ligand (Hoppler et al., 1996; Hoppler and Moon, 1998) .
Xwnt-8 and BMP-4 differ in their ability to induce target genes
If BMP-4 and Xwnt-8 promote different mesodermal identities, one should be able to identify target genes which are indicative of ventral or lateral mesoderm. We show that the expression of sizzled, a marker for the ventral marginal zone (Salic et al., 1997) , is strongly dependent on BMP-4 activity. Overexpression of BMP-4 expands the sizzled domain of expression dorsally, and this expansion takes place even in the presence of inhibitors of the Xwnt-8 signaling pathway. These results suggest that sizzled expression is under control of BMP-4 but not Xwnt-8 signaling. Sizzled expression is normally localized to the ventral-most marginal zone, where the highest levels of BMP-4 activity should be present in the Xenopus embryo. The ventral sizzled expression could then result in the antagonism of Xwnt-8 activity in the ventral marginal zone (Salic et al., 1997) . This observation together with the transcriptional downregulation of Xwnt-8 by high levels of BMP-4 would make the ventral marginal zone a Xwnt-8-free region during late gastrulation. There are several alternatives for the mode of transcriptional downregulation of Xwnt-8 by BMP-4. One possibility would be the existence of a regulatory feedback loop in which Xwnt-8 is involved in stimulating its own transcription. In this case, inhibiting the Xwnt-8 activity through the binding of the Xwnt-8 protein to sizzled would block the autoregulatory loop and would result in reduced Xwnt-8 transcription (Salic et al., 1997) . Another possibility would be that the ventral marginal zone in the embryo requires a complete elimination of Xwnt-8 activity and this is accomplished at the transcriptional and protein levels by the Smad and sizzled protein products respectively (Massague, 1998; Whitman, 1998) .
The myf-5 gene has been used in a number of instances as a target to study the BMP-4 activity gradient (Dosch et al., 1997; Jones and Smith, 1998) . In both instances it was shown that myf-5 responds to different levels of BMP-4 by overexpression of BMP-4 or blocking BMP signaling. We could show that Xwnt-8 activity is required in the embryo to induce myf-5 which is expressed in the lateral marginal zone (Hopwood et al., 1991) . Upon overexpression, BMP-4 is able to stimulate myf-5 transcription, but fails to do so in embryos in which Xwnt-8 signaling has been blocked by the dominant negative Xwnt-8 protein.
In contrast Xwnt-8 is able to stimulate myf-5 expression even in the presence of the dominant negative BMP receptor or antisense BMP-4 RNA. These observations de®ne myf-5 as a target of the Xwnt-8 signaling pathway, and its activation by BMP-4 is the result of indirect regulation via Xwnt-8. Analysis of the effect of Xwnt-8 on myf-5 expression also provided evidence that this regulatory interaction is characterized by a possible gradient of Xwnt-8 activity on myf-5 expression. High levels of zygotic Xwnt-8 activate myf-5 expression at a distance from the site of maximal Xwnt-8 expression, also suggesting a double threshold in this interaction. Using sizzled overexpression or the dominant negative Xwnt-8, it has been suggested that XmyoD is also under regulation of Xwnt-8 (Hoppler et al., 1996; Salic et al., 1997) . These experiments are based on the blocking of Xwnt-8 signaling, suggesting that under these conditions the endogenous BMP-4 is unable to maintain XmyoD expression placing this gene as a target of Xwnt-8. These observations therefore support the idea that genes involved in muscle formation such as myf-5 and myoD are regulated by Xwnt-8 signaling.
The homeobox gene Xvent-1 displays a more complex mode of regulation. Xvent-1 has been described as a target gene of BMP-4 but its expression can also be regulated in a BMP-independent manner by the homeobox gene Xcad-2 . In addition, the transcription factor GATA2 can stimulate Xvent-1 expression (Sykes et al., 1998) . It is possible that this induction is mediated through Xwnt-8 because GATA2 stimulates Xwnt-8, a potent inducer of Xvent-1 (Hoppler and Moon, 1998; Sykes et al., 1998) . Although Xwnt-8 is able to upregulate the expression of Xvent-1 it can only do so ef®ciently in the presence of an active BMP signaling pathway (Hoppler and Moon, 1998) . BMP-4, on the other hand, can activate Xvent-1 expression in parallel to Xwnt-8 signaling inhibitors. Since manipulation of the Xwnt-8 activity is unable to modify the pattern of BMP-4 expression during mid-gastrula stages (Hoppler et al., 1996; Hoppler and Moon, 1998) , the effect of Xwnt-8 on Xvent-1 probably is not mediated through BMP-4. The Xvent-1 gene could be one of the ventral components that mediates the cross-talk between the Xwnt-8 and the BMP-4 pathway.
3.3. The spatial and temporal distribution of Xwnt-8 and BMP-4 activities specify the latero-ventral mesoderm
The expression pattern of Xwnt-8 changes during the
